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Model System of Tooth Enamel Formation.
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ABSTRACT

This paper briefly reviews our recent studies, which aimed to investigate the effects oft1) the Ca2+ and p043-ions

flowA and 2) amelogenins on the lengthwise growth of octacalciumn phosphate (OCP), which is a potent precursor of
enamel apatite crystal. OCP crystals were grown at 371C in a dual membrane system tinder various amount of ionic
inflow into a reaction space, using]I) 5,30mM Ca and P04 sohtitions as ionic sources and 2) extracted bovine
antelogenin and recombinant murine amel'ogeilins (rM'179, rM 66). With an increase in the amount of 6a2+ and/or
P04 3-jons flow, the length of OCP crystal increased, while the width decreased. -Assa result, the length to width

*(11W) ratio of crystal changed fromn 3 to 95, while the width to thic"ns.( W/T) ratio from 32 to9. Thi effect of
amelogenins was uniquc, ivgardless of the type of arnelogenins : Rod-likc and prism-like OCP crystals with large
L/W (61-1 07) and small W/T (1-3-2.2) raitios were formed in 109A ameclogenin gels. In contrast, characteristic

-vllbon-like OCP crystals grew without protein and with gelatin, albumin. polyacrylamide gel and agarose gel.
Specific interaction of amelogenins with OCP crystal was ascribed to the self-atssembly property of amelogenin
molecules and thir itydrophobic nature. It was suiggestcdt that ionic flow and amelogenins play some critical roles
in the elorigated grow-th of enamel crystals.

INTRODUCTION. .

Enamel crystals of mamtnalian tooth are formed in an enamel matrix, which is abundanht in amelogenins, under
regulated Ca2+ and P043- ion supply from the layer of atneloblasts. In the early stage of the enamel crystal
fortmation, very long and thin crystallites deposit in an enamel matrix with their long axis parallel to each other. In
the later stage, crystals mainly increase their width and thickness, and grow into flat-hexagonal prisms[ [1,2). The
morphology is quite different from the irregular shaped plate-like morphology of bone and dentin crystals. -We
speculate that the uniqueness of enamel crystals relates to their growth condition:l1) lattice ions of enamel cystals
Ca2'+ and P043- ions.'uctransported frjm the layer of amneloblaits. into the enamel matrix, which might cause
ioni flow. and the mode of the ionic flow changes dtsring the tooth enamel formation [3,4] , 2) molecules of
ameilogenin, which -is nianjor component of enamel proteins [5A6 and highly hydrophobic [7], assemble into

*nanosphertes and fram gel [8-10] with unique property ( I II.
We have been studying the mechanism of the lengthwise and oriented growth of enamel etytttals bnsed on a

hypothesis that 1) octacalcium phOsphate (OCP)-tike phase is initiated as a precursor of enamel apatite: 2) one
directional supply of the lattice ions contribute tio the lengthwise girovoth in the c-axis direction; 3) amefogenin
atanospheres play roles as a scaffoldinge matrix in the highly organized growth of enametl crystals [reviewed in
12-13]. To evaluate thelsypothesis. OCP crystals were grown ins mobdel system of tooth enamel formation.-where
Ca2+ and P043- ions were supplied through membranes into ametogenin gels (a dual membrane system [14-161).
The present paper shows how ionic flow and amelogcnins affected the growth of OCP crystals.

EXPERIMENTAL

A dual membrane system

Ileactions were carried out at 37 OC and pH6.5 for Mdays in a dual membrane system [14], where a cation
selective membrane (CMV"") (Asahi Glass Co.) and a dialysis membrane (Visk-ing Cellulose Tubing : Union
Carbide Co.) were used to control diffusion of Ca2+ and P043- ions. Membranes (about 8mmn in diameter) were
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attached to a Ca solution Ca(CI- 3COO)2  H20, I .Sml) container. The Ca solution container was put into a P04

solution ( Mll41TL2PO4 + (N114)1IlPO 4 ; 1*l molar ratio. MlOm). Ca2+ aird P043- ions diffuse into the reaction
space between the membranes (about 15p I of volume) from mniutually oppos.ite sides respectively through the CMV
and the dialysis membrane. Crystals deposited 6n thc.CMV or on the both hiembranes dependling: on tie solution
concentration.

Effect of ionic flow

To evaluate'the effect or ionic flowO on the growrth mode. crystal growth was carried out undetr different amount of
p4"and Ca2+ ionts' flux f15). One ofrfactors that determine the driving force of diffusion of ionsthoga

membrane is the potential difference across it. Therefore. amotmnt of p043 - and Ca2'ý ions'-influx across the

membrane was changed by changing concentration of phosphate solution aid Ca solution used as P04
3- andCa2+

ionic sources. 5, 10, or 30mM of P04 and Ca solut ions were used in different combinations.

Effeets of amnelprenias

To evaluate the effect of amelagenin~s. crystal growth was carried out in 00% qnmelogcnin gels, uising I10mM Ca
and P04s~o'lutions. Thiree tgpes of arielogenins were used:1*) extracted bovine amelogenin and 2) recombinant
murine anielogenins, rM *l79 (M=2Ok~a) and rM166 (M=16.8kDa). About 40r/ of the bovine ainelogenin was
20.7kDi friction, which tack the hydrophilie C-terminal residues of the full length amelogenin [17,18].'and the rest
was degraded fractions With the moleciular weight of about 3-8, 13. 1i6kDa 114]. rMt79 hasthe hydrophilicC-
terminal residues and lacks an N-lerainal methionine and a phosphorylated serine residue : rM 166 black the
ltydrophillic C-terminal residues present in rM 179 [19J. -Their purity was higher than 935/6 16). 100% anelogenin
solution was put in the reaction space and 10mM of C~a and P04 solutions were used as ionic sources. Some parallel
reactions were carried out ini 10%/ bovine sennn albumin, gelatin, polyacrylamide (PAA) gel and 1% agarose gel for
a comparison.

Af'ter a reaction. the precipitates still fixed on tle membrane were rinsed superficially with distilled water and air
dried or lyophilized when organi~cmaterialswere used. Crystals. were identified by an X-ray diffractometer.(XRD3)
(R~igakt. RINT 2500). Morphology of crystals wvas observed by a scanning electron microscope (SEM) (Hitachi,
S4500). Crystal size was measured on the SEM photographs, and their averages and standard deviations were
calculated.

RESULT.S

Effect of mlogi flow

Morphology of OCP crystal changed, depending on the concentration of Ca and P04 solutions used as ionic
sources (figure I). Plate-like crystiajs grew, when 5mM solutions, which were minimum concentration jo form
crysals in the present condition, were used. Length of OCP crystal increased from about lIF4iýnto9l*7pm with
an increase cin concentration of Ca andor P04solutions%. Increasemi length was smaller than expected, when the
solution concentration was higher than 1(hnM, because cryst .al grew on both CMV and dialysis membrane, while
they grew only on the CMV when the concentrations were lowerthan l0mM. The vwidth decreased under a large
amount of ionic flow. Thc: drastic change of morphology from rectangle to long ribbon is figured by the length to
width (L/W) and width to thickness (WIT) ratios (figure 2): The LJW ratio changed from 3 to 95, whereas the W/T
ratio changed between 32 and 8, as the concentration of Ca and/or P04 solutions increased. Thus, longer and
narrower ribbon-like crystals grew, when the amount of flux across the membranes was large.
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Figu're 1. Morphology o*P& sfs grown under iarious. amoui.nt of pO4 3 and C22+ ion'influx.

Concentration of Ca and P04 solutions used as ionic. sou=ircesre(a) Ca 5mM. P04 5mMM (b) Ca SmM, P04 30mM
;(c) Ca 10mM. P04 30mM.
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Figuret2 Length to width (iJW) ratio and width to thickness (W/7') ratin of OCP crystals grown under various ion
flows [15]. The scheme shows morphology and crystallographic axes of OCP crystal.

Effidts of ametoeeninms

The effect of amelogenins on the crystal morphology was unique (figure .3): Ribbon-like crystals grew in the
absence of organic materials (control) and in gelatin, albumin. PAA get and agarose gel : In contrast, prismn-like and
tod-like crystals grew in 10% amelogenins, regardless the type of amelogenins. The XRD indicated these products
am OCP with good crystallinity.

Drastic reduction in length and width of OCP crystal wias caused by organic materials with different efficiency
(figurel3,4). The length decreased from 90±t8lm (control) to 6t12gm (bovine amelogenins) and 3.6±dpm
(albumin), and the widthi from 2*0.511m (control) to 94*35nm (bovine amelogenins) and 833t7nm (albumin). The
inhibitory activity of the bovine amelogenins in length was larger than that of rM 79 and rMl166. Both rMI66 and
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rM179'hadsimin!ar efctonthed ''bgrowth of OCP. The inhibitory activ ity of arnelogenins gels in Length and udth.
*were largcrthian thut ofPAA gel. Whereasthe decrease in thickness caused byamelogen-ins gels wRa~,smanller than
* ~that caus.ed by ot'hernmatqials.. The inhibitory effect~of albumin wais h largest.

The degr~eeor crystal siye r~fedctkiq in 101/ ilmclogcnih% gels was in the order bfwidth. length and thnicjess.
Thl'.'means that ame1logenins Suppr~esse the growthý of OCP in Iih, order. 6-ais >.c-a'xL% > a-axis direciion and that
the intcrwilion of amelogenin% whh the crystal. faceof OCT %i'.iitm the order-of (010)> (00I)>( 100)..

Figure 3. Morpholqtgy oreryttas growli 1a) without addiiivc%. in (b) 10% albumin. Ic) 10%* rM179. and(d) 100/
rM I 6. Note that both rod-like aint prism-like crystals were obtained in three type% of amelogonins. i.e.. bovine
amelogenin. rM 179 and rXlI 6A.
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with the smallcastWITratio. Inecase ofrMl 66 and TM179, theIJ/W ratio was about 2.5 times larger than and thc
WIT ratio was about 116 times smaller than those of control crystals. Gelatin also caused the elongation as well as
rMl66 andrMl79,.but the WITratio was V/2ofthe control crystal.

DISCUSSION

The resuls of our in vitro experiments demonstrate that both ionic flow and anielogenin contributed to form OCP
crysitals with elongated morphoqlogy. Undc+ a larger amount of ionic flow, the lengthwise growth was enhanced,
while the growth in the width direction was reduced. OCP crystal.grewoprfercntially in thec--Axis direction, while
grew less actively in the b-axis direction. The (001) face of OCP crystal was, presumably; thec most ac 'tive face on
which ions and molecules of the lattice components were attached and subsequently OCP structure was quickly
constructed in the c-axis direction. As a result, the maximumL/JW ratio ofacystals was about 25 times larger than
tha of crystal grown under the smallest ionic flow (figure 2). Inthe absence of organic materials,cienwhcen the
ionic flow changed, crystal len~gth and width were not reduced less than 13 and 4 pmn; respectively. When the ionic
flow was fusther decreased, i.e., when the cocnrtion-of the ionic sou-mes were less than 5mKM there Was no
precipitation on the memnbrane. Drastic reduction in crystal size was caused by organic materials with different
efficiency (figure 4).

Anmelogenin gels caused a large decrease in width and small decrease in thickness of OCP crystMti As a result,
decrease in WIT ratio caused by 10% anticlogenin gels was larger than those caused by other organic materials used
(figure 4). The WIT ratio. 1.3. was much smualler than that caused by the change in the amount of ion flow in the
absence of amelogenins (figure 2). The effect of amelogenins on crystal morphology was common among bovine
amelogenins. rM 166 and rMl79, regardless of the homogeneity of molecsilar weight and the existemice of the
hydrophilie C-terminal. This indicates that the specific interattion of anelogenins with the crystal faces of OCP
related to somec common facors among these amelogenins. That is hydrophobicity [14,16], becaute most part of
ameltognin molecules are composed with hydrophobic amino acids, except the C-terminal of AA! 179 [20].
According tothe crystal structure analysis [21], OCP has ten H20 molecules peronc unit cell. Amount of H20
molecules exposed in itssrystal face is in the order of (100) > (001)»>>(0l 0). Therefore, it is expected that the
(100) and (001) faces are hydrophilic. while the (010) face. is rather hydrophobic. The ionic arrangement in its
crystal face suggests that the (100) and (010) faces are positive, while the (00 1) face is slightly negative. The
amount of the positive charge ofithe (100) it higher than that of the (001). Amelogenin molecules are hydrophobic
and positive at p16.5. and they assinible into nanospheres with hydrophobic property [8-10]. AFM imaging of the
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10%. 306% and 35%0 amclogenin gels revealed that those nanospheres were basic building, block of thc amnelogenin
gcls 116,22.111. On the other hand. PAA get has the closed-cellular structure with the pore sizc of a few micron
[24]. Due to the cell wall%, the mechanical intcrffcrenee of the FAA gel was supposeal to be larger than that of the
ainclogenin gels. Nevertheless. thc decrease in length by aniclogenin gelsvvwa larger than that by PAA gel. This
ailso suptiorig the interaction with ameclogenin nanospheres with th (NIt) face*orOCPcrystal. The hydrophobic
and positive nanospiteres woukl react with the hydrophobic (010) and negahive 1001) faces rather than with the.
hydrophilictand poitive (100) f~it. This coincides with the result that the degree of the interaction was int the order-
ohm~l)> (00.l>(ltl).

During tooth ettam6l formation. 0' 2+ and 1`64-1 ions are transported from the layer ofameloblasts into the
enamel tnatrix andi the tmode of ionic trainports change during enamel formtnaion. accompanied with the dtianges in
activity of these ions and the Cut P04 ratio [14). Recent studies have postulated that arnelogenin nanospheres. play
acitmivroes inthe elongation of enamel crystals [9.13]. In thse dual membrane system. it wans demonstrated that the
l./W ratio was increased abouit 25times. by increasing the amount of the ionic flow and it was increased in 100/
aintlogenin gels 1.5-2.5 times larger than that of control crystal% 114-16], thereby. indicating that the ionic flow and
ameloge~nin gets played a key role in the lengthwise growth of OCP crystal. In a gelatin gel system, 1-2%a
amelagenins eff'ectively elongratd OCP ery.tnls, whicht have the L'W ratio 3-Stintes larger than that of control
crystals 1251. Tlit width atid thickfiess of human enamel crystals in the early stage are. I Sam mttd -1.5nns.
respectively, and those in tnaturation stage are 68nm and] 26imi. respectively [2]. Since enamrel crystals are long. not
straight and fragile. it is difficuilt to measlurt the length. It is repiorted that enamel crystals extend'over an entire layer
from the dcettino-enamect juttction its Tomnes' processes of atre-lobtasts [261 and they are at least I Oism, [27], which
maybe the longest reported vilue.'WhMn the length and the width were lO0tam and I5nm. respectively, the IJW is
6667. When the length and width were lO0tam and 6ltntn. respectively, the L/W is 1470. The extremely large L/W
ratio of enamel crystals might still require other'factors/tneelanismr to bc involved.which w ork to reduce the width
(i.e.. the growth in the b-axis direction) and to incras-e the length (i.ec.. the growth in the c-axis dircthion) in
combination with amelogenins and ionic flow.

CONCLUSIONS

The increase ifi the amount of calcium and phosphate ionic flow enhanced OCP crystal to grow longer and
narrower. Organic materials reduced crystal size. The effect ot'ameilogenins on the manrpholbgy of Of.' was
untique, whecn it was conmpared with albumin. gelatin.*PAA. and agarose. Only 10%Katnetogenin gels changed the
morphology from ribbion-like, to prism-like with large LJW ratio and small W.'T ratio. Amount of water amolecules;
and electric charge o~f tlt (M0). 1010) and t0ol) face of OCP crystal reflectd the, degree of interaction with
amelogenins. The present study supported the view that the ionic flow and amelogaiin nanospheres play key roles
in controlling the lenigth~wise and oriented growvth of'cnamel crystal.
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